We investigate the potential of the International Linear Collider (ILC) to probe the mechanisms of neutrino mass generation and leptogenesis within the minimal seesaw model. Our results can also be used as an estimate for the potential of a Compact Linear Collider (CLIC). We find that heavy sterile neutrinos that simultaneously explain both, the observed light neutrino oscillations and the baryon asymmetry of the universe, can be found in displaced vertex searches at ILC. We further study the precision at which the flavour-dependent active-sterile mixing angles can be measured. The measurement of the ratios of these mixing angles, and potentially also of the heavy neutrino mass splitting, can test whether minimal type I seesaw models are the origin of the light neutrino masses, and it can be a first step towards probing leptogenesis as the mechanism of baryogenesis. Our results show that the ILC can be used as a discovery machine for New Physics in feebly coupled sectors that can address fundamental questions in particle physics and cosmology.
Neutrino masses and New Physics. Neutrino flavour oscillations clearly indicate that neutrinos have masses. They are the only established piece of evidence for the existence of physics beyond the Standard Model (SM) of particle physics that has been observed in the laboratory. Unveiling the origin of neutrino masses may therefore provide an important key to understand how the SM may be embedded into a more fundamental theory of nature. In addition, it may also shed light on one of the deepest questions in cosmology, the baryon asymmetry of the universe (BAU), i.e., the tiny excess ∼ 10 −10 [1] of matter over antimatter in the early universe that formed the origin of the baryons we find today after mutual annihilation of all other particles and antiparticles, cf. e.g. [2] for a discussion. If CP-violation in the lepton sector is responsible for generating the BAU, then detailed studies of the neutrino portal may pave the way for an understanding of the baryogenesis mechanism. The International Linear Collider (ILC) is an excellent tool to study the neutrino portal during both, the Z-pole and high energy runs and can therefore be used as a discovery machine for New Physics in feebly coupled sectors that can address fundamental questions in particle physics and cosmology. As an example we in the following study the type-I seesaw [3] [4] [5] [6] [7] [8] .
Low Scale Seesaw. If the neutrino masses are at least partially generated by the Higgs mechanism in the same way as the masses of all other fermions in the SM, then this requires the existence of right handed neutrinos ν R to form a Dirac mass termν L m D ν R . Here ν L = (ν e , ν µ , ν τ )
T and m D = vY † , v is the Higgs field value and Y is a n s × 3 matrix of Yukawa couplings. n s is the number of right handed neutrino flavours, which must at least equal the number of non-zero light neutrino masses m i if the ν R are the sole source of light neutrino masses. The most general renormalisable Lagrangian that can be constructed from ν R and SM fields reads
with masses m i . The existence of the additional heavy neutrinos N i is a prediction of the seesaw mechanism. The N i interact with a weak interaction that is suppressed by the mixing angles Θ ai = (θU * N ) ai θ ai and via their Yukawa couplings to the physical Higgs particles.
Leptogenesis.
The Yukawa interactions Y ia in general violate the charge-parity (CP) symmetry, allowing the heavy neutrinos to generate a matter-antimatter asymmetry amongst leptons in the early universe [10] , which can be transferred into a baryon asymmetry via sphalerons processes [11] . This process is called leptogenesis and provides an elegant explanation for the observed BAU. 1 The N i may therefore be the common origin on neutrino masses and baryonic matter in the universe.
2 In the mass range M i < TeV that is accessible to collider experiments, leptogenesis can proceed in two different ways. For M i above the electroweak scale, the BAU can be generated during the freeze-out and decay of the N i [25] in the early universe ("freeze-out scenario"). For masses below the electroweak scale, the BAU can be generated in CP-violating oscillations [22, 26] and Higgs decays [27] during their production ("freeze-in scenario"). We focus on the second possibility, which allows for an efficient production of N i at the ILC in weak gauge boson decays. The minimal implementation of this scenario with n s = 2 [23, 24, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] , its realisation within inverse and linear seesaw models [40, 41] and the slightly more general case with n s = 3 heavy Majorana neutrinos [31] [32] [33] [42] [43] [44] have been studied by many authors. Here we consider the minimal model with n s = 2, i.e., the smallest number of N i that is required for consistency with light neutrino oscillation data. This effectively also described leptogenesis in the νMSM. In this scenario the N i must have quasi-degenerate masses with µ = |M 2 − M 1 |/(M 2 + M 1 ) < 0.1 [39] to generate the observed BAU. For n s > 2 no degeneracy is required for leptogenesis [31, 32, 42, 44] .
Searches at the ILC. High energy colliders provide the best tool to search for N i with masses above 5 GeV. For smaller masses, fixed target experiments like NA62 [45] [46] [47] or SHiP [48, 49] are more sensitive. An overview of possible signatures at different collider types can e.g. be found in ref. [50] [51] [52] [53] . At lepton colliders [54] displaced vertex searches turn out to provide the highest sensitivity for M i below the electroweak scale, cf. figure 1. [12] [13] [14] [15] [16] [17] . 2 N i with sufficiently small |θ ai | are also a viable DM candidate [18, 19] , see [20] for a recent review. However, those N i that compose the DM cannot make a significant contribution to the generation of light neutrino masses and leptogenesis because their Yukawa couplings are constrained to be tiny in order to make them sufficiently long lived. This does of course not exclude the possibility that different N i flavours in the same model can play the two different roles: One of them may compose the Dark Matter while the two (or more) others can explain the neutrino masses and the BAU. This possibility has been proposed in the νMSM [21, 22] , its feasibility in that model was show in refs. [23, 24] . 3 Previous studies suggest that the LHC cannot probe the parameter region where leptogenesis is possible in the minimal model with n s = 2 because the U 2 ai required for leptogenesis [39] are too small to yield observable event rates [55] [56] [57] [58] . However, the possibility of a flavour asymmetric washout can make leptogenesis feasible for larger U 2 ai that can be probed at the LHC for n s > 2 [44] . Moreover, upgrades like MATHUSLA [59] could increase the sensitivity of the LHC. , it is in general difficult to make observable event rates consistent with the small neutrino masses [61] . It is, however, possible in a natural way if one assumes that the exact B − L symmetry of the SM is approximately preserved by whatever New Physics the Lagrangian (1) is embedded into [61] [62] [63] . This can e.g. be realised in "inverse seesaw" type scenarios [64] [65] [66] [67] , with a "linear seesaw" [68, 69] , in scale invariant models [43] or the Neutrino Minimal Standard Model νMSM [21, 22, 62] . In the symmetric limit one observes U
The symmetry automatically provides a natural explanation for the µ 1 required for leptogenesis. If the collider is operated at at the Z-pole ( √ s = 90 GeV), then N i with M i < 90 GeV are primarily produced via s-channel exchange of on-shell Z bosons along with a SM neutrino ν a . At higher collision energies the production through charged current interactions dominates. This has direct implications for the dependence of the production rates on the heavy neutrino flavour mixing pattern, i.e., the relative size of the U 2 ai for fixed
The reason is that the production via s channel Z bosons is independent of the flavour of the associated neutrino ν a (and therefore only depends on U [28, 34, 35, 47, [72] [73] [74] . In ref. [47] it was shown that the combined data from neutrino oscillation experiments is sufficient to identify statistically preferred regions for the U expected number of events. The numerical calculation of the cross section for the different discussed performance parameters of the considered colliders is done in WHIZARD [75, 76] by including initial state radiation and by including also a (L,R) initial state polarisation of (80%,20%) and beamstrahlung effects.
Testing Leptogenesis. If any heavy neutral leptons are discovered at ILC, independent measurements of the U 2 ai would in principle allow to determine all parameters in the Lagrangian (1) with n s = 2 [34] , making the minimal low scale seesaw a fully testable model of neutrino masses and baryogenesis. This may, however, be practically difficult because leptogenesis with n s = 2 requires a mass degeneracy µ ≡ |M 2 − M 1 |/(M 2 + M 1 ) < 0.1 [39] , with µ 0.1 in most of the parameter space, cf. figure 7. It may therefore not be possible to resolve the signatures of N 1 and N 2 , so that the experiment is only sensitive to the combined mixings U
in the B-L symmetric limit, this measurement already provides a strong test of the hypothesis that these particles are the origin of neutrino masses [34, 35, 77] and allows to constrain the CP-violating phases in U ν [34, 35, 77] . Such a measurement would also provide a test of leptogenesis, as not all combinations of the U 2 a that are in agreement with neutrino oscillation data can lead to successful leptogenesis [34, 35] , cf. figure 3. As an optimistic example, we show the precision at which U 2 e can be determined with the ILC for IO in figure 6 . However, an identification of the flavour mixing pattern alone would not be sufficient to prove that the N i are indeed responsible for baryogenesis because the BAU strongly depends on the heavy neutrino mass spectrum, and less strongly on an additional phase in θ that does not appear in U ν . A direct kinematic measurement of µ is only possible in a small fraction of the leptogenesis parameter region [39] , indirect measurements may be possible from a comparison of the rates for lepton number violating and conserving processes [79, 80] or N i oscillations in the detector [81] .
Conclusions.
We have studied the potential of the ILC to discover heavy neutrinos that can simultaneously explain the light neutrino flavour oscillations and the origin of the baryon asymmetry of the universe. We have focussed on the minimal model with two heavy neutrinos, which effectively also describes leptogenesis in the νMSM. For heavy neutrino masses below the Z mass m Z , the best sensitivity can be achieved with searches for displaced vertices.
We find that the ILC has the potential to observe a few hundred displaced vertex events from the decays of heavy neutrinos. For centre-of-mass collision energies √ s at the Z pole ( √ s = m Z ), this number is roughly independent of the heavy neutrino flavour mixing pattern because the heavy neutrinos can be produced in the decays of on-shell Z bosons. At √ s = 500 GeV, where the heavy neutrinos are mainly produced via charged current interactions, the production relies on their mixing with the first generation, which is predicted to be suppressed for a "normal ordering" of light neutrino masses. The performance of a Compact Linear Collider (CLIC) at √ s = 500 GeV for similar values of the luminosity would be comparable to that of the ILC, while it is expected to be better for which the BAU can be generated in the seesaw model with n s = 2 for givenM = |M 2 + M 1 |/2. The grey area is ruled out by the DELPHI experiment [82, 83] (on the top) and by neutrino oscillation data (at the bottom). We display no lower bound on U 2 from leptogenesis because this constraint is weaker than that from neutrino oscillation data in this mass range. The coloured lines mark the parameter regions in which the ILC experiment is expected to observe at least four displaced vertex events from N i with properties that are consistent with successful leptogenesis. The orange lines show the regions accessible with √ s = 500 GeV and an integrated luminosity of L = 0.1 ab −1 and L = 5 ab −1 , which depend on the relative size of the heavy neutrinos mixings U 2 ai to individual SM flavours because the N i production is dominated by charged current interactions, which necessarily involve the mixing U figure 2) with n s = 2 and IO. Note that the number can be much larger above the "BAU" line, where leptogenesis is not feasible for n s = 2, but the low scale seesaw mechanism can still provide an explanation for the observed neutrino oscillation. Moreover, leptogenesis is believed to be feasible for larger U 2 at the ILC with √ s = 90 GeV (left) and √ s = 500 GeV (right) for the case of inverse ordering (IO) of the light neutrino masses. The coloured area corresponds to the parameter region where leptogenesis with n s = 2 was found to be feasible in ref. [39] . The two heavy neutrinos are assumed to be almost degenerate in mass atM = 10 GeV.
(compared to the ILC's high energy run) at the higher planned collision energies because the heavy neutrino production peaks at energies above 1 TeV.
For the largest mixings U 2 i consistent with leptogenesis this allows to extract information about the heavy neutrino flavour mixing pattern at a precision of a few percent. If any heavy neutral leptons are discovered at the ILC, this measurement provides a test for the hypothesis that these particles are responsible for the origin of neutrino masses. Together with a determination of the heavy neutrino mass spectrum it can also be a first step towards probing leptogenesis as the mechanism of baryogenesis. The allowed total mixing U 2 in comparison to the splitting of the eigenvalues of the Majorana mass M in the Lagrangian (∆M , upper panels) and the physical mass splittings (∆M phys , lower panels). ∆M phys is given by the eigenvalues of M N and involves corrections from the Higgs mechanism [28] . It determines the oscillation time t osc of the heavy neutrinos in the laboratory, which can be compared to their lifetime 1/Γ, where Γ is the N i decay width, cf. the yellow line. We used an average massM = 30 GeV. The red line represents the "seesaw limit", below which the parameter region is excluded by neutrino oscillation data for n s = 2. The vertical, dashed, green lines correspond to the contribution to ∆M phys solely from the coupling to the Higgs field. Note that leptogenesis is possible even for ∆M = 0 due to this contribution during the electroweak crossover. Figure taken from ref. [39] .
